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Reminder About Neutrinos

» Weakly interacting isospin partners of charged leptons:

Neutral current Charged current
V —»  V V —» — €
e e e
Z W*

 Neutrinos have mass:

Mass eigenstates:v,,v,, v, Flavor eigenstates: v,,v , v,
3
|VI>ZZ Uylv,)
i=1

» Produced and interact as flavor eigenstates, but propagate as mass

eigenstates: ;
—im’ L/
vi(L)=2_ Uye """ 1v,(0))
i=1
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Neutrino Oscillations

- Parameterization of the PMNS mixing matrix U :

@ » . )
v, [1 0 0 cos0;; 0 sinO,e ° cosO,, sinf,, 0| [v,
vV, |=[0 c0s0,; smo,|X 0 1 0 X|=sin0,, cos0,, 0|X|v,
v | |0 —sin6,y cosOy| |—sinf,e° 0  coso, 0 o 1] \v,

- J

0 is CP violating phase

» Probability to oscillate depends on energy (E), distance traveled (L), the
mixing matrix U and the differences in the squared neutrino masses :

4 Am;L\

P, ;=6,—4D R(U, U, U, U, )sin’( )
i>j
- .. Am.L
+2ZS(U0(iU[3anjUBj)Sln( 22 )
\ i>j J
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Knowledge of Oscillation Parameters

Three mixing angles, two mass squared differences, CP phase
sin’(20,,)=0.87+0.03 Am>,=7.59+020x10" ey  SNO, KAMLAND, SK

sin®(20,,)>0.92 (90% CL.) Am>,=243%0.13x10°eV>  SK, K2K, MINOS

[sin2(2913)<0.12 (90% C.L.) MINOS(2010), CHOOZ]
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Measuring 0_,

Accelerator based experiments - access to 6 , through oscillations of
muon neutrinos to electron neutrinos:

. 2 . 2 . 2
P(v,—v,)=sin"0,;sin 251n

v_appearance probability for L=295 km

and sin2(2613)=0.1 (ignoring subleading

terms)

Design experiment with v, beam
peaked at first oscillation maximum

Search for v_appearance

Am%L

1E +subleading terms

A%

. . . . 2 -
Oscillation Probability (sin“20,,=0.1)

Oscillation Probability

S
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Measuring 0, is an important first step to searching for CP violation in v_appearance
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T2K (Tokai to Kamioka) Experiment £y
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Super-Kamiokande J-PARC: 30 GeV proton
22.5 kton (fiducial) Ly beam, design power of

water cherenkov ~ 750 kW
detector at 295 km

* Experiment's immediate goals: Focus of this talk

. 2 .2 .2
- Search for v_appearance: P (v,—v,)~sin"0ysin"20,;sin"———

« Precision v disappearance
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T2K Overview

Pions, kaons,

30 GeV Sr)nGuon(sj decay in  \juMON measures Off-axis far detector at 295
proton beam =2 1 muons from pion km: Super-Kamiokande (SK)
from J-PARC VOIUME decay water cherenkov detector
J / measures oscillated flux
K p-mon S
=e ;w\ off-axis . }} v
U= ==-<1 T NA won ————s T /2 g
@“"- raxis @250
Om 120m 280m 295 km

Oscillation Prob.

[Probabiity)
e O .

At 280 m, on-axis INGRID

. 8 || . A 2 3
Beam on graphite  jetector measures neutrino “ |\ i
target rate, beam profile Fasodl v energy spectrum
3 magnetic horns Off-axis near detector: 2800
focus positively ND280 detector measures wal
charged hadrons spectra for various neutrino .
interactions soo| ¥
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J-PARC Accelerator

July 18,2011

M. Hartz, UofT/YorkU

 Located in Tokai village
e Completed in 2009

» Accelerator
Design/Performance

* Design goal of 750 kW

e 30 GeV protons to
neutrino beamline

 Reached 145 kW
before earthquake
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J-PARC Neutrino Beam Line

Muon Monitor Horn 1 Beam monitors

Si array
+ |IC array

Super-Conducting
__Magnets

“ intensity, position
profile

=

. 3 Horns w/ 250kA

+
to Super-K _'I'I' T
e
Decay Volume ‘-.H-I
L B
Near detector
(at 280m from target) . T T - |t
r'?': : g + J e .:I.:: -_I" [ _ et "'—""1'!' \ i 1. 3 DG*EV
A S =) !
i'.l': "."" A ol . = ] : P . E”':L'— :—--—"::"'II 3 MR
‘i ; %_ l -
-

Helium cooling I

proton beam

Graphite, 26 x
900 mm long

Beam Dump 110m length
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INGRID On-axis Detector

* On-axis neutrino detector at 280 m from
target

« 16 modules (14 in cross configuration)

Side View | Top View | . . N
o » Modules consist of iron and scintillator
< THHUN ¢ | < FEELL . layers
= I | T
1 2 i » Measures neutrino beam profile and rate
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« 0.2 T UAT1 magnet

SMRD
UA1 Magnet Yoke

Used in this analysis

* Fine Grained Detectors (FGD)

 Scintillator bars and water targets
(FGD2)

 Interaction mass and tracking

* Time Projection Chambers (TPC) —

momentum and dE/dx measurements
Beam

Important for future analyses

« POD m° detector — measures NC 1° rates
 Scintillator planes interleaved with water and lead/brass layers

 Electromagnetic calorimeters — measure EM
showers from inner detectors

« SMRD muon detector installed in the magnet yoke — detect muons,
cosmics trigger, side muon veto

July 18, 2011 M. Hartz, UofT/YorkU
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SK (Far) Detector

« 50 kton (22.5 kton fiducial volume) water cherenkov detector
* ~11,000 20" PMT for inner detector (ID) (40% photo coverage)

« ~2,000 outward facing 8" PMT for outer detector (OD): veto cosmics,
radioactivity, exiting events

» Good reconstruction for T2K energy range

el e
wa Dot
Jon

Cherenkov light produces a
ring detected by the PMTs

bt
it ‘(ﬁ\'L‘Ej?}Iﬁu
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Particle Identification at SK

p

Muons:
« Minimal scattering

* Ring has sharp edges

July 18,2011

e Electrons

» Electromagnetic
shower

« EM scattering makes
N "fuzzy” ring

M. Hartz, UofT/YorkU

/Neutral Pions

* vs from 1° decays shower

and look like electrons

A

J




Neutrino Interactions at T2K

In region of interest for T2K: % 14 - vl-! Cross-sections —
S, i
Large contribution from charge current = 12 i ‘"“"\\TEE" {CC+NC)
quasi-elastic (CCQE) o 4L
vy o = Total (CC)
@y €.u o 0.8 [
w* = l
06 - CC Quasi-elastic
=t CC DIS
n P [
. 0.4 N\
T2K signal at SK i -
0.2 |
Significant CC1r component with additional 0 N A T v
pion in final state 0 0.5 1.5 2 25 3 35 4 45 5
E (GeV)
NCT° is significant background mode: T2K beam peak
energy

Photons from 1° can
fake an electron

7
7
n
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Reconstructing the v Energy

Assumed at rest € Fully reconstructed

in lab frame

€

Direction known
(beam direction) P

p

///// Y / 2 ? 2
NEH, B4
O\ M,—E ++E*—m’cos0,]

7

* Only lepton in final state is reconstructed

» Can determine neutrino energy with assumptions:
* Neutrino direction is known (beam direction)
* Recoil nucleon mass is known

* Target nucleon is at rest — not exactly true, adds smearing to
energy

July 18, 2011 M. Hartz, UofT/YorkU 18
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Data Collected T2\

10'8 Delivered proton# - Proton per pulse{for physics run) "
>
:‘té — Ph}’i-;il'.'hi rin - Proton per pulse(all runs) =-M'|‘I 0 -
g 140 — a
£ 120 |— Run 1 “ls0 &
9 ' 6 — 8 bunches per ] S
5 . g
2 100 — . pulse * o &
5 |
RU — I [ . —
Q . rtl vy Rep period: . .
60— 'y L 36453253045 — 40
# By
| I I . ' .
40 ‘ - m : l ' ]
" i b ) — 20
200 - / Run 2 —
U- ' | | | L | ]
Mar/10 May/10 Jul/10 Sep/10 Nov/10 Dec/10 Mar/1
Date

* Run 1+Run 2 data set = 1.43 x 10*° POT for SK analysis
« Reached continuous running at 145 kW in Run 2 (50 kW in Run 1)
* Increase bunches per pulse, increase protons per bunch, increase rep rate

» 2% of the design goal for T2K
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Proton Beam Targeting
Proton beam orbit tuned with SSEM, ESM, OTR proton beam monitors and MUMON

‘ Example Fit to Proton Monitors for x at the Target (s=0 mm) ‘

T A
E
c B
°
3T
o - SSEM17
o = l SSEM19 OTR
x [ — 1
§ o— SSEM18 * L
@ |
2
_4_ | L | | __1x10°
8 -6 4 2 0
s (mm)

MUMON measured beam profile

center stable within £0.3 mrad

July 18,2011
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Fit to SSEM and OTR monitors gives
position at target

1 mrad shift of neutrino beam = 2%
shift in v peak energy

| Profile center |

15

Y
=
T

Profile center (cm)

_10f_ ......................................................................................................................................................

-1
Dec 31

s ssssEsssEEsEEEEEEEEEEEsEEEESEEEESEEEESEEEESEEEESEEEESEEEEEESEEEEEEEEEEEEES

:_ ......................................................................................... SR x prﬁﬁ'ecé“ter
- Y profile center

------ + 1 mrad

th o O
i

Apr 01 Jul 02 Oct 01 Dec 31

Date

Apr 01

Uncertainty: 0.4 mmin x, 0.6 mminy
— ~0.3 mrad uncertainty in v beam

21



vV Rate and Direction Stability

2

event/ lel4 ppp
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30— | |

Apr. May Jun. Dec. FA! Feb. Mar.
integrated day(1 data point / 1day)
INGRID Profiles . . .
INGRID confirms beam direction
z* | ndt 10414 Run32 | 7% | ndf B4 14 N N
Constant 1.03e+04 + 61.16 Constant 1.064e+04 + 61.76 Wlthln i0_3 mrad
Mean 2817+ 2.918 12000} wrereesmssiessnssansesatonannas| Moan 7.9914 3117 —_ S( )
SNA!ME 439.2 = 4815 : ’ Sigma 4.61,‘ +5393 g 30 : ________________________________________________________________________________________
T S PPRPY LN SOOI L0k e 2 SOOI S = —— X center
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Oscillation Analysis Flow

Flux Prediction

e Proton beam measurements / \
e Hadron production data SK Measurement
* « Develop v. CCQE candidate
selection

o Inclusive v, CC measurement

» Simulate expectation: N o

=app * Adjust normalization using
e Qutput: R ™| R’]‘VbMC ND280 measurement:

ND
exp __ pM, Data MC u,MC
NSK_RND ><]\]SK /RND

« Measure v rate as cross-check

€ >
4 e Evaluate systematics
- - B e Evaluate confidence intervals
Neutrlpo Cross Sections ! for data sample /
e Interaction models < 7
« External cross section data y

July 18, 2011 M. Hartz, UofT/YorkU



Neutrino Flux and Modeling

Proton beam

monitors Decays
measure beam Focused by produce
properties magnetic horns  neutrinos V” SK
ND280
T, K
— —>
U i M @
Protons interact in Muon Monitor
T2K target,

produce hadrons

Flux Simulation:
* Proton beam monitor measurements as inputs
 In Target Hadron Production:
* NA61 experimental (at CERN) data to model 1 production
« Kaon production, other hadron interactions — model with FLUKA
 Out of target interactions, horn focusing, particle decays
« GEANTS3 simulation
 Interaction cross sections are tuned to existing external data

July 18, 2011 M. Hartz, UofT/YorkU
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NA61 Experiment T2k

Large acceptance spectrometer and time-of-flight detectors

~13m _

il
- ; ad

| 30 GeV proton beam to

ToF-L A match T2K

Vertex magnets

Two target types:

1) 0.04 A “thin target”
R e L =y (e - | R 2) T2K replica “long target”

F-F

Target

Pion production from thin
target used in this analysis

ToF-R ]

2 <p [GeVic] {BIM © | % 4<p[GeVie] {5|
i = :5; | S -
Good TOF and dE/dx I o E B o 10
performance allows for - J° o MR ) LA
particle separation B I : S “
1 | i5 I B 15 0
dE/dx [mipl dE/dx [Imipl
July 18, 2011 M. Hartz, UofT/YorkU 26




NAG1 Results

Measure 30 GeV proton cross section on carbon: | 0 ,,q=229.3%£9.2 mb

Measure differential T+

production multiplicity > E
Systematic uncertainties Y|z
of 5-10% for each point _‘ H

o

in p-0 space

2.3% normalization
uncertainty

Uncertainties propagated
into oscillation analysis

FLUKA does a good job
of reproducing the NAG1
data

N.Abgrall et al.,
arXiv:1102.0983 [hep-ex]
accepted by Phys.Rev.C (2011)

July 18,2011
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- ! l —
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~ FLUKA2008 |
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"N, VENUS 4.12
1 -.-'-\h*. 1 1 .".:‘I:\‘ =] 1 1
10 15 5 10 15
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Neutrino Flux Prediction

10? 7 — all 107? ........................................ ‘ v at SK]T -1

6 — kaon parents 65 — kgon parents
10 . pion parents 10 §_ ....................................................................................................... — pion parents
10° — muon parents 1SE —— muon parents

[S—
o
[

p—
<
(S

Flux[/10*! POT/cm?/50MeV]
= 2

Flux[/10*' POT/cm?/50MeV]

IIIIIIII| IIIIIIII| L LI IIIIIIl|_| 111

E, (GeV) E, (GeV)

e Muon neutrino flux around oscillation maximum predominantly from pion
decays

* Intrinsic electron neutrino flux in beam from muon and kaon decays ~1% of
total flux below 1 GeV

e Dominant source around oscillation maximum is from muon decays
T -u +v Flux depends on pion
u

/productlon
u —e +v +v
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ND280 Inclusive v Analysis T2/K\

« Analysis using low level reconstructed objects

» Select negative p-like tracks originating in FGDs and tracked by TPCs
« High Purity: 90% v CC and 50% CCQE

* For 2.88x10"™ POT (Run 1): 1529 events

w

e

July 18,2011

No selection on
additional
particles

Event number : 24083 | Partition : 63 | Run number : 4200 | Spill : 0] SubRun number :6 | Time : Sun 2010-03-21 22:33:25 JST [Trigger: Beam Spill

= TPC1 FI % TPC2 | % TPC3 t
~
y
A
."'/
\FGD1 FGD2

M. Hartz, UofT/YorkU
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ND280 Inclusive v._Sample

Data and MC prediction for 2.88x10" POT:

g 200 :_I T T 1 T T T 1 T T T 1 T T T1 T T TT1 ' T T 1 T T T1 T T T 1 T T T 1 T T I_:
L 180 + Bl v, CCQE 3
E — u -
o 160 BV, CCnonQE — \
= la0b B NC 4 = Comparison to POT
= - Bl v CC - normalized MC:
L 120 w 3
‘E 0oF Outside FGD ] NA61+FLUKA flux model
© 305 ] NEUT neutrino
= = interaction model
60 — \ /
40 —
20F —
0e :
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Muon Momentum (MeV/c)

[RﬁvbD"f“/R;bMC: 1.036+0.028 (stat. ) oo (det. sys.)£0.038 ( phys. model) J
A

Dominant sources: dE/dx and FGD/TPC matching
M. Hartz, UofT/YorkU 31
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ND280 v_Analysis T2K

- ND280 v_rate measurement using similar method as v measurement, same
data set (Run1, 2.88x10" POT)

 Use TPC dE/dx measurement to select electrons instead of muons

- Reject events with second track that makes M_ < 100 MeV/c* with electron
candidate — reject photon conversions

Background sources: _ - [Entries 2084
9 —E s

jas’
1) Photons produced outside “‘J_ 00 — Expele e
FGD that convert in the FGD 100l — Exppro e
(Out of FGD) j — Expkaon | |,

2) v, interactions with y from T 1000
that converts 800E;

3) v interactions where muon is 000
L L 400
misidentified as an electron 00
200 600 1000 1400 1800
p (MeV/c)
July 18, 2011 M. Hartz, UofT/YorkU 32



ND280 v Analysis Results T2/K\

ﬁ'l"""""""'I"'\"'I"""

Fit data with signal and

v. FGD §
background templates — extract — misid " i}
v_signal events
. SIg 0 v, FGD
Out of FGD

Data based template for misid p

Entries / (100 MeV/c)

MC based templates for Out of
FGD and v FGD constrained by

control samples

", 0 200 400 600 800 1000 1200 1400 1600 1800 2000
v Events from fit: b (MeV/o)

N (v, )=7.8+5.5(stat.)+2.1(syst.)

Dominated by uncertainty from fitting
the photon conversion sample

(1.0£0.7(stat.)+£0.3(syst.)) %

=0.6+0.4(stat.)+0.2(syst.)

M. Hartz, UofT/YorkU 33
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v_Signal & Background at SK

Oscillation Signal:

vV >V ¢
11 e :
|dentical for
given neutrino
P (undetected) energy.
Beam
Beam ' Background: background has
- _ harder spectrum
A

€

Neutral Current %

-

P (undetected)

Vv
1

July 18,2011

M identifying second
T’ photon ring

7

N+others (undetected)

M. Hartz, UofT/YorkU

Can be removed by &



v_Selection at SK (7 Steps)

Select a single ring e-like sample, minimize beam and NCt° backgrounds
Optimized for current statistics
Cuts fixed before looking at data

SK cross section view ]

1. Event falls in beam timing window, is fully contained
in the inner detector (ID) (no activity in the OD)

T Atmospheric FC v Even
2 — MC
® Data

1
T

2. Event vertex is >200 cm from the ID
wall (fiducial volume cut)

%E
I

- If particle direction is towards
nearest wall: ring size ~ PMT spacing

Super-K 762.5 days

FCFV Sub-GeV -

30MeV < visible energy < 1330MeV §
500 400 600 800 1000 1200 1400 1600
Distance to Wall {(cm)

- Rejects events originating in OD

Number of Events / 762.5 days
-]
=
_IIII|IIII|IIII|IIII|IIII TTTT IIII|III|I-.PHII_

- 22.5 kton within fiducial volume

=]
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vV, Selection at SK, Cont.

3. Select a single e-like ring

- Particle ID based on ring shape

- Good e/u separation

- Performance understood on atm. sample
- ~1% probability to mis-ID py as e

4. Visible energy > 100 MeV

- Low energy events = NC background and

electrons from y decay

Number of events /(100 MeV)

M. Hartz, UofT/YorkU

Number of events

Particle identification using
ring shape & opening angle

II |I|I|||I||II|II|| | | ||II
e-like e'% p-like i

e atmospheric V data

-

B

=)
!

-
]
o

T T T

[

—
(=]
[}

e ® |l L b Laa s Lya gy e i
-0 8 6 -4 -2 0 2 4 6 8 10
Particle ID parameter

4

>

I B Osc.v,CC

I 1 v+v,CC
3t i v, CC

i B NC

i (MC w/ sin®26,,=0.1)
2 -

/

0 1000 2000 3000
Visible energy (MeV)
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vV, Selection at SK, Cont.

5. No decay electrons

- Reject based on delayed activity in SK

- Rejects events with p or 1 below threshold or

misidentified as electron

6. TT° mass cut, M_ <105 MeV/c?

- Calculate invariant mass with 2-ring

hypothesis for each event
- Rejects NC1° background

M. Hartz, UofT/YorkU

B Osc.v,CC
] v+, CcC
o v, CC

B NC

(MC w/ sin®26,,=0.1)

'y
o

Number of events
(6)

0 1
0 1 2 3 4 >5
Number of decay-e

I 5t <

(;) [ I Osc.v, CC

O 4| T v+V, CC

= : i v, CC

To) [ B NC

Z - (MC w/ sin20, 4= 0.1)

~~ 3 L

-'(B a

c

()

> 2

S

3 1

=

S

< 0

0 100 200 300

Invariant mass (MeV/c?)
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vV, Selection at SK, Cont.

/. Reconstructed neutrino energy < 1250 MeV

- Reject higher energy intrinsic beam

background from kaon decays

/Signal Efficiency = 66%
Background Rejection:
/7% for beam v_

\_ 99% for NC

N

/

\ v, CC
N NC

Number of events /(250 MeV)

I I Osc.v,CC
3+ \ v,+V, CC

.2
(MC w/ sin“28,,=0.1)

/Recall expected number of events
Is rescaled by Data/MC rate
measured at ND280:

exp__ pM,Data MC u, MC
NSK_RND ><]VSK /RND

\

00 1000 2000 3000
Reconstructed v energy (MeV)
Sources Ng, ™ \
NC background 0.6
Beam v_ background 0.8
Osc. through 0 0.1
v, CC background 0.03
Total 1.5+£0.3

systematic error on following slides

ey

July 18,2011

M. Hartz, UofT/YorkU
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Systematic Uncertainties

Where do systematic uncertainties enter?

Data
SK

Ignoring sums over neutrino flavors, interaction modes

quiﬁve)(Ev).Posc(E ESK )dE M

L.poT
forte, o . o

ND280 statistical uncertainty

Flux uncertainty — expect cancellation in ratio
Neutrino interaction cross section uncertainties
SK reconstruction, selection uncertainties

- ND280 reconstruction, selection uncertainties

July 18, 2011 M. Hartz, UofT/YorkU 40




Flux Uncertainty

Uncertainties on hadronic interactions dominate: | @, (E)P,(E)o(E,)ey(E,)dE,
f¢1]ZJD<EV)'O_(EV)'€ND<EV>dEV

1. Pion production: systematic uncertainties from NAG1
2. Kaon production: from comparison of FLUKA to external data

3. Secondary nucleon production: comparison of FLUKA to external data
4. Hadron interaction probabilities: from external measurements of 1, p, K cross sections

( Percent Errors from Flux Uncertainties (6 .=0)

Error Sources Ruo"™e Ng™ N MR, e
Pion Production 5.7% 6.2% 2.5%
Kaon Production 10.0% 11.1% 7.6% Cancellation works best
for neutrinos from pion
Other Hadron Int. 9.7%  9.5% 1.5% production
Beam Direction,
Alignment, Horn Current 3.6% 2.2% 2.3%
Total 154% 16.1% 8.5%
M. Hartz, UofT/YorkU 41
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v Cross Section Uncertainties

Nominal cross sections from NEUT model fgij(V)(E )P

E)o(E,) € (E,)dE

% osc ( \ %4 2\ %4 %

Cross section uncertainties from: f¢ZD(EV)'U(EV)'€ND(EV)CZEV

1. Comparisons of models to data: MiniBooNE, SciBooNE, SK atmospheric
2. Variation of model parameters: M , binding energies...

3. Comparisons between models: relativistic fermi gas vs. spectral function

NEUT comparison to MiniBooNE NCt° diff. cross section

_—_e _— 2
= 5 i = L
8 i ]S 1~
[ ] - i g
4z 15 } - k>
e | Rl
> f + = Phys. Rev. D 81,
- - s =)
|_':"‘| L b g 013005 (2010) _
& I 3 .
= i g 05 =
5 = i
= » i
EIE_— 7 T
- ; - -
| TI_I:I—.__ b
% 05 1 15 ] 05 0 05 1
P [GeVic] cosh,»
M. Hartz, UofT/YorkU 42
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v Cross Section Unc. Summary

Error Sources

)P (E,)o(E,)€ey(E,)dE,

J #)°(E,)-0(E,) €\, (E,)dE,

Ny Relativistic fermi gas model vs

CCQE low energy
CCI1m
CC Coherent 1t

<«—— €ffective spectral function
@ From studies of MiniBooNE

data

CC Other 4.4% From studies of SciBooNE data
NC 11°
NC Coherent 1t @
NC Other 2.3%
o(v,) 3.4% Dominant source is uncertainty on
FSI pion final state interactions

Total 14.0% Studied by adjusting NEUT

July 18,2011

microscopic pion cross section
model and comparing to pion cross
section data
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SK Detector Systematic Unc.

Data driven evaluation of systematic
uncertainties

Error source

% osc ( % % \ %4

J X, (E)P,.(E,)o(E,) ex(B)dE

7Y rejection

Ring counting

Electron PID

Invariant mass cut
Fiducial volume cut etc.
Energy scale

Decay electron finding

Muon PID

Total

July 18,2011

J #)°(E,)-0(E,) €y (E,)dE,
5N§}rfcyg 8ig. 5N¥Kgbkg. tot.
Nggfcyg s1g. Ngdffﬂbkg. tot.
Control sample
- 3.6% < described on next
3.9% 8.3% slide
3.8% 8.0% < Evaluated on SK
5.1% 8. 79 atmospheric sample
1.4% 1.4%
0.4% 1.1%
0.1% 0.3%
- 1.0%
7.0% 15%
Uncertainty on  Uncertainty on
signal background
M. Hartz, UofT/YorkU 44



SK 1’ Control Sample

« Special control sample needed to
evaluate uncertainty from 1° mass cut

» Select e-like rings from the
atmospheric data set

* Add simulated y to the event

annn [T T AT

2500

2000 =
1000

EDD [T ST ....

July 18,2011

<@ CONLTOI 52

1

%

% % %

J #)°(E,)-0(E,) €y (E,)dE,

J &, (E)-P, (E,)o(E,)ex(B)dE

e-like from

atmospheric
data <'
vy from MC

mple data
 Two samples produced

* More energetic ring from data
 Less energetic ring from data

e Compare hybrid data+MC
sample to pure MC sample

100 150 200

00 - Difference in efficiency used to
invariant mass Minv [MeV

calculate systematic uncertainty

M. Hartz, UofT/YorkU 45




Systematic Uncertainty Summary

Error Source sin*(26,,)=0 sin*(26,)=0.1
Beam flux 8.5% 8.5%
V Cross sections 14.0% 10.5%
WOROGEERNN i 3
SK detector 14.7% 9.4%
ND280 statistics 2.7% 2.7%

+22.8 +17.6 o
Total 227 70 -17.5 /0

Smaller cross section and SK
uncertainties for signal events

July 18, 2011 M. Hartz, UofT/YorkU 46




Outline

» Review of neutrino oscillations
* Overview of the T2K experiment
» Data collected by T2K
e Analysis chain
* Flux prediction
* Near detector measurement
* Far detector selection
» Systematic uncertainties
‘ * Far detector data and interpretation
» Acknowledgements & Conclusions



SK Data Sample T2k

Clear beam structure !

Run 1

T —Run2

e SK synchronized to beam timing
using GPS

« SK events fully contained in the 10

ID show clear beam time structure

* In total, 121 FC events

s [ |
timing sidebands o L

 Non beam background from
-1000 O 1000 2000 3000 4000 5000

AT, (nsec)

Number of events / 40nsec

Number of events in on-timing windows (-2 ~ +10 usec)

Class / Beam run __| RUN-1 | RUN-2 | Total | non-beam

POT (x 109) 323  11.08  14.31 (bt
step 1: Fully-Contained (FC) 33 88 121 0.023

July 18, 2011 M. Hartz, UofT/YorkU
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SK v Candidate Sample Selection

Step 2: Fiducial volume cut: vertex >200 cm from ID wall

FC, Evis>30MeV, R<1490cm FC, Evis>30MeV, |Z]|<1610cm

-

o
—
O

o
|
|'
0
n
I
L
[
I
gL
:

Number of events
T
. 1
I
1
I
1
Number of events

i ; hl—u—l 1——| |

LJF 0 1000 2000 3000
2000 Vertex R? (cm?) %10 °

0 . | .
-2000 -1000 0 1000
Vertex Z (cm)

121 — 88 Events
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SK v Candidate Sample Selection

< ——¢— Data 10 - —¢— Data <—
B Osc.v,CC [ B Osc.v,CC
| 0 vV, CC 8 [ [ v+v,CC
2 i I v, CC [ | [ v, CC
- Qi _ I B NC c [ W NC

Step 3: Slngle e o 40 * (MG W sin®26. =0.1) % g [ (Mo wsin20,=0.1
" . ) L - Fs
like ring cut - - |
88 — 8 Events 2 | 3

€ 20| | =

P | S

e

0 10

1 2 3 4  >5 -10
PID parameter

Number of rings

4
. . > ing _+_ Dam : Bilav cc
Step 4: Visible 2 | — LSy E 47,
Y (2] Ve
energy cut S 3| —IN £ 10 - ne
8 — Events Ew/ (MC w/ sin®26,,=0.1) % (MC W/ sin°26,;=0.1)
= 5
= 5
Step 5: Decay o g
o >
electron cut |5 =
/ — 6 Events E
= O - * . - °
0 1000 2000 3000 0 1 2 3 4 25
Visible energy (MeV) Number of decay-e
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SK v Candidate Sample T2/K\

Step 6: ° Mass Cut Step 7: Reconstructed Energy Cut

N > ; < —— Data < < —— Data

= - I Osc.v, CC [ - B Osc. v, CC

(4b) 4 i ] v,+v, CC = 3 — Vit Vu cc

= i = v, CC o i [ v, CC

To) [ B NC g B NC

A - (MC w/ sin®26, .= 0.1) Nl (MC w/ sin®26,,=0.1)

~— 3 B

i ] = 2F

S o

o >

o 2 6 — 6 Events g 6 — 6 Events

S _

— b 1

Q4 S

E =

>

Z 0 Z 0

0 100 200 300 0 1000 2000 3000

Invariant mass (MeV/c?) Reconstructed v energy (MeV)
After v_selection is applied — 6 candidate events remain!

Recall, background expectation is 1.5 £ 0.3 events
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Example Candidate Event Display

Super-Kamlokande IV

T2FE Beam Run @ Spill 10392232

Run 67969 Sub 921 Event 218931934
I0-12-22:14:15218

TZF. beam dt = 178Z.6 ms

Imne=r: 4804 hits, 5970 pe

Ooter: 4 hits, 3 p=

Trigger: OxBoo0DOODT

O wall: 234.Z am

e-like, p = 1045.0 M=V /o

Charge (pe)
* =28.7

- =

¥ l.3- 2.2
o oD.T- 1.3
*FOD.ZE- D7
oo Dl

visible energy : 1049 MeV
# of decay-e :0

2y Inv. mass :0.04 MeV/c?
recon. energy : 1120.9 MeV

July 18, 2011 M. Hartz, UofT/YorkU

1040 decays
a0
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Candidate Sample Checks T2\

Reconstructed ebeam vS. lepton

Reconstructed cos(6___ ):
eam momentum:
: —¢— Data s @ -,
. I Osc.v, CC BERCEE MC w/ sin“26, ;= 0.1
3+ 1v+Vv,CC 1 7
P R A 0 aw-
c | mmNC — "l
() i o (b} =i
> | (MC w/sin"26,,=0.1) D EEm -
2 o> BLEE
(@] _8 100 = [ l:| m
E ~ O \_[Du |
O = D E =
g § o [ DDD )
o u E?D O
Z D S0 | se@ [ | Me e
e n O E m = -
e m DO D@D B =
i o D D00 oo e @
-1 ] . . 1 O o ? [m] O | O [} ? [=] o | o o .
0.5 o g 0.5 0 500 1000 1500
beam Momentum (MeV/c)
0, = Lepton angle relative to beam
direction
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Vertex Distribution

Vertex distribution of candidate events:

2000 peam direction 2000

1000 |- 1000 _ |
£ £ | * |
o ! o ! .,
> i N i !
m B m 1
+ = - . ,
@D O - i
= > I |
-1000 + -1000 + !
i ™ L

e e =y

-2000 -1000 0 1000 2000 0 1000 5 2ﬂﬂg 30003
Vertex X (cm) Vertex R™ (cm”) x 10

o o Event outside FV

* KS test of R? distribution yields p-value = 0.03 (~1-20% for other distributions)
* Only one event seen outside fiducial volume that passes all other cuts

 If beam related background from outside FV, expect more events in this
region

 OD event distributions show no indication of contamination from outside ID
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More on Vertex Distributions

ID vertex distribution and MC with interactions
simulated out to 550 cm from ID wall

5 T T T T ‘
‘(2 - —&— DATA N
c B ]
g — MC w/ oscillations —
o E &:ﬁ:ﬂ MC: true vertex outside ID E
3 ) -
20 ’ .
1= 9 =
0 - | o _i:g_L ‘ ] X1 03
0 1000 2000 3000
T . 2 2
vertex position: radius” (cm®)
ﬂ 105 — MC expectation —_
c 104 | - outside FV: 3.1 _
> B - from outside ID: 0.3 7
8 2 = - from outside ID w/ FV cut: 3.2¢-03 |
10° - =
1 — e ]
10% = o B
TR .
1 B L1 1/ 108
0 1000 2000 0

vertex position{Yadius? (cm?

If outside source, expect more data at
large R? outside FV

July 18,2011

M. Hartz, UofT/YorkU

OD event vertex distributions:

obpc
[ ATA

OD events

= MC w/ oscillations

10° contained in OD
"""""" MC wio oscillations
102 B35 Empty Spill data (CR)
M0,

R e TR RTRTY LRI O L SCLPRUNY  PRPRIE-LLLLE  RELhud

x10°

10.1 P B | L [ [ == ] .
0 1000 2000 3000 4000
radius? (cmz)
10° L ] '

. = ODEN 3
10 ——om OD events E
103 E_ — MO w osml.latun:fn:: enterlng ID _§

Foo MC wio oscillations 3
10 B 5] Empty Spill data (CR) =
10 E
1 b by :
10-1 E . P L L 3)‘:103
0 1000 2000 3000 4000
radius? (cmz)
No significant data excess in OD
samples
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Interpretation for sin®(20 )

For sin*(20,)=0 [sin*(26,)) = 1.0, Am’ =2.4x10" eV’],
probability to observe 26 events = 0.007

(fixing sin(26, ) = 1.0, Am?,_=2.4x10* eV?) }

Tr ] Tr | | R ]
2 :— —: w2 :— A mgj <0 —:
A, : i o | i
- —] | - —
r-"-':ﬁu or - ) or -
w2 _ w2 - T2K .
: ) : 1.43x10” p.ot.
- [ ] ._ - _I I I | I NN N T A I |_
0 06 0 0.1 02 03 04 05 0.6

sin’26
At sin*(20,)=1.0, Am* =2.4x10"eV* &__ =0, 90% CL intervals are:

Normal hierarchy: 0.03<sin*(26, )<0.28 Inverted hierarchy: 0.04<sin*(26,)<0.34

Best fit: sin*(20, ,)=0.11 Best fit: sin*(20,,)=0.14
July 18, 2011 M. Hartz, UofT/YorkU




Contours in Am?

sin*(20, ) allowed region as function of |Am?_|

(fixing sin?(26, ) = 1.0, _=0) ]

lﬂ-l = — = lD—l = —— | —————— -
I Amy;>0 ] i Am3,<0 ]
t‘? 2 — Pﬁ-“ 2 —
> 107F 1 > 107¢ -
E N ] & - -
H_H | 7 H_;} B i
= I 1 & i il
a 10°F < 10°F
K E m—— Best fit to T2E data
i B 62% CL
I [ s
lﬂ-q- 1 1{}-4 A S SR KN SR TR TR AN SR TR S S S S N SR N
0 02 04 06 08 1 0 02 04 06 08 1
-9 - 2
sSin 2813 SIn 2913
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Comparison to

————r
AM?>0
i = MINOS Best Fit
: [ 68% CL
: I 90 cL
: ++++ CHOOZ 90% CL

dcp (T)

2sin’9,,=1 for CHOOZ

Ocp ()

8.2x10%° POT

MINOS
PRELIMINARY
| T T T RS T T
0.1 0.2 0.3 0.4
2sin’(26,,)sin’0,,

8CP

6CP

/2

-Tt/2

/2

-1t/2

Recent MINOS Result

>
=
NS
Vv
=)

Best fit to T2K data

68% CL

I s0% cL

IllIlIIIIIIIIl

T2K
1.43x10% p.o.t.

0.1 02 03 04

_O_IIII|IIIIIIIII|IIII

o
L

)
Sin 2613

Significant overlap of T2K and MINOS 90% C.L. allowed regions

M. Hartz, UofT/YorkU
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2.0 —

AM?> 0 ]

i = MINOS Best Fit 7]

: I 68% CL .

B : i

) : I 90 cL .

o - -

> =+ CHOOZ 90% CL .

2sin’9,,=1 for CHOOZ -

1 — 1 ]

I L] L L] I i

Am* <0 ]

E .

5 "
< 8.2x10”° POT

MINOS
PRELIMINARY
| T T T RS T T
0.1 0.2 0.3 0.4
2sin’(26,,)sin’0,,

8CP

6CP

/2

-Tt/2

/2

-1t/2

Comparison to MINOS Measurement

Am3,>0

Best fit to T2K data

68% CL

I s0% cL

IllIlIIIIIIIIl

T2K

0.1

: .002. \

1.43x10% p.o.t.

03 04

)
Sin 2613

o
L

Significant overlap of T2K and MINOS 90% C.L. allowed regions

M. Hartz, UofT/YorkU
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Next Steps for the v_Analysis

Aim to firmly establish V_appearance and better
determine the 0 . mixing angle

 Resume experiment and collect more data
« Recovery works in progress
* No insurmountable problems found

« Resumption of J-PARC activity including accelerator complex and
neutrino facility by December, 2011

» Neutrino facility ready by November

e Analysis improvements

- New analysis methods using v_shape information (e.g. recon. energy)
are under development

« ND280 measurements of v, CCQE spectrum, improvements to beam v

NC° measurements underway to better constrain flux and neutrino
cross sections

July 18, 2011 M. Hartz, UofT/YorkU
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Conclusion

« 12K reports new results on v, =V, oscillations based on
1.43 x 10 p.o.t. (2% exposure of T2K’s goal)

» Expected number of events is 1.5 + 0.3 (sin“26_, = 0)

6 candidate events are observed

» Under 0_,=0 hypothesis, the probability to observe 6 or more
candidate events is 0.007 (equivalent to 2.50 significance)

. 0.03 (0.04) < sin22913 <0.28 (0.34) at 90% C.L. for normal (inverted)
hierarchy (assuming Am® =2.4 x 10 eV?, sin“20_ =1, §__=0)

» Accepted for publication by PRL. Preprint arXiv:1106.2822

» Work towards resumption of the experiment and improvement of analysis
methods — definitive measurements of the v_appearance phenomenon

- v disappearance result with 1.43 x 10%° p.o.t. data will be reported at EPS
this week
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Vertex Distribution Probabilities

* One must be careful when choosing distributions to test. If data guides choice,
difficult to assign probability.

» Choose distributions that we would check regardless of what is seen in data
» Can use KS test for the probability of the cumulative distribution

« Concern about KS test for low statistics sample, so calculate probabilities from
distributions of 100,000 toy MCs

* Probabilities for distributions of interest:

KS Toy MC Probabilities 6 FCFV Events 7 FC Events

Distance to nearest wall 3.7% 20.2% For distributions relative
From wall || to beam 0.1% 1.3% tot ID I‘";a”g it|isdm01|67
natural to include a
To wall || to beam 1.2% 5.3% FC events
R? 3.1% 9.4%
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KS + Toy MC Example

Cumulative distribution to extract p-value comes from toy MCs' distribution
maximum cumulative distance of maximum cumulative distance

Fromwall Il to Beam of FC Events: Cummulative KS Distribution Fromwall Il to Beam of FC Events: Toy MC Distribution

1 —
A 4000
0.5
2000
o T N R N T N N [ R 00 — L;;Tg‘hﬁ‘— L 0|8 ' | ]
0 0.2 0.4 0.6 0.8 1 :
July 18, 2011 M. Hartz, UofT/YorkU 65



MC Study of Sources Outside ID

Generated MC with events produced in material up to 550 cm outside of ID wall

Sources of beam-induced background with True Vertex outside the ID

Sample Expected Source of track, from MC truth”
true vertex outside ID  mis-id muon pi0 photon neutron K-long K-short
s, el Smple 3.16E-03 9% 78% 1% 0.01%  <0.01%
(w/ FV curt)
Nue Analysis Sample 0.30 4% 75% 3% <0.01% <0.01%

(wio FV cut)

*percentages do not total to 100% because list here is not exhaustive
Expectation assumes sin®f,5 = 0.1, Am® = 2.4 x 107% V2

No significant contribution to FCFV sample simulated sources outside of ID
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Distance to ID Wall

7))
s
c
>
(o]
O

Expected and observed

distance to ID wall

Prediction includes events

with true vertex outside of

ID
[
c
>3
(o]
O

July 18,2011

2000

6 — MC w/ oscillations —
: MC: true vertex outside ID :
o :
L . |
2" ¢ —
- 19 —
= T Ml . i
% 500 1000 1500
distance from vertex to ID wall (cm)
1 05 " MC expectation
4 - outside FV: 3.1
1 0 - from outside ID: 0.3
- from outside ID w/ FV cut: 3.2¢-03
10? .

—

Seen

e

LA

-
(=)
A

—
S
N
© eI T T T T T

500

1000 1500

2000

distance from vertex to ID wall (cm)

M. Hartz, UofT/YorkU
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v Disappearance (Run 1)

e 8 v candidate events

observed at SK

 Expectation: —

Osc. Hypothesis
No oscillation

Expected Events Syst. Error
22.81 3.19

Am_? = 2.4x10° eV?
sin%(26,)=1.0

6.34 1.04

» Update with Run 2 data and parameter fitting is underway

Expected observed
events as function

0.004

0.003

0.002

0.001

M. Hartz, UofT/YorkU

. . ' MINOS best fit —— MINOS 2008 90%
Consistent with - -
MINOS. SK [ — MINOS90%  --- SuperK90%

2 301 - - MINOS 68% - Super-K LIE ﬂme.ﬂ," —

- ‘% I .

o I
S 25|
§ |

2__'] -_ —

1-5 L L L L L L I L 1 L 1 I-‘.-: ‘l-l L |_-

0.80 0.85 0.90 0.95 1.00

. —

sin“(29)
MINOS: arXiv:1103.0340
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Measuring o in v_. Appearance

Full appearance probability includes term that goes as sin(0):

71 sin0,,sin 0,,s1n 0,.)81n 6

Need non-zero value for all three

Sign flip for neutrino vs. antineutrino 7 _ _
mixing angles including 6,

Two ways to measure d: CP Effect, 8, = /4 [sin’(26,,)=0.1]
h -
. . . = F —_P
1. neutrino vs. antineutrino EO.OB_—N (Vi = Ve)
appearance probability 6.? i —PE, >,)
- >0.06
P-P Am>L sin20, . s
A = —~—2———25ind| Zo.04
P+P E sin0,, o
©0.02]
2. 1% vs 2" oscillation maximum for

L T R R R N T N N SR A R S TR N S N
0.001  0.002 0.003  0.004
E/L (GeV/km)

neutrino mode

M. Hartz, UofT/YorkU
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Final State Interactions

 Pions produced in the v interactions can interact in the target nucleus:
» Absorption - no pion in final state
» Production - additional pions in the final state
« Charge exchange - change of pion charge
» Microscopic (internal to nucleus) pion interaction model employed in NEUT

* Tune microscopic model to reproduce macroscopic pion scattering data

| _n* '2C Interaction Cross Sections | — Reaciive (Defaull)

g 500 [ ' ' ' ' = === Reactive (Tuned)
— B = Absorbed
Tuning: vary microscopic mean ~ a00f st
free path for different interaction : Double CX
types and vary models % g e
_ _ 200} =
Tuned (dotted lines) in much :
better agreement with data 100p"; _
05— 0

7" Initial Momentum (MeV/c)
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Decay Volume and MUMON

Muon production vertex simulation

— 2
E -

* Pions (and other on : //'H

i i [ ) 1 i ! 5
£l Il|l|.2||-l.lﬂllll=ﬂi:l=l !=IE..I£'=III=!:§Elfllll!‘t:d=

particles) decay in 100 . | il .:i_..;. i
i §|=|l£:|'1-lEE = e ',ﬂ'-‘l.:? :u?'l'“‘fé.gk E*'!#“':T y

m long decay volume: —=°:

130 H

-0 B -I:- ' :-:!_-: T ﬁ-]lm .Eu:'_n 1 I.r-]
« MUMON muon monitor + 2 L
a M N
 Measures muons from pion V el 9
decays n el 5T
« Si PIN photodiodes sensitive at !
. . . . i
low intensity, but radiation vl
L '. |
damage 3 oI
. . ! \g‘ﬂ RSN
* lonization chambers less | | — i o
suseptible to rad. damage e =T
e Measure beam shape and I w !
direction
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ND280 Tracker

TPC

Z uter wall
/’,
>
2

P E.B
directions

Inner wall and
field cage

L Micromegas
detector

v beam
- * /

direction
/ /

Central | | ‘
cathode HV -

. Front end
cards

Central cathode

* Track charged particles in magnetic
field

* 10% momentum resolution at 1 GeV/c

July 18,2011

B

=

L {
- —. "ﬁ_"";'-__';.é;-—'-.-'#' —_— ":?_.— _'__...."..... ._.__:.5__ _— ._ — g _.:

* Neutrino target: 2.2 tonnes of
material (including water targets)

 Tracking of particles
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SK vV, Prediction Breakdown

sin*(28,,) =0

July 18,2011

VH+VMCC
2 %

v, CC
51 %

NC
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v, >V, CC
6 %

Number of expected v, events

0

CCQE
CC 1+
CC 1m°

0.2 0.6
| CCQE  59% |
r CC1irn* 22 %

CC 1n° 9 %
CCcohm 0.1%
CCother 10%

F

e

CCcohT
CC other

CCQE 91 %
CCint 7%
CC 1n° 2 %
CCcohm 0.2%
CCother 0.1%

NC 17O 54 %
NC 1mt* 10 %
NC 1y 6 %

NC coh m° 18 %
NC other 12 %
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Particle ID with TPC dE/dx

| Entries 2034! |Entries 1529
30 — Expp - — Exppt -
< 1800 20 20
~ — Expele e — Expele .
J 1600 — Exp pro e — Exp pro e
1400 — Exp kaon L — Exp kaon L

1 I
1800

I 1
1600

p (MeV/c) p (MeV/c)

Two dE/dx Cuts: | |§,.(u)|<2.5, |6,(e)|>2.0 &6,=dE/dx Pull

» Cut on TPC dE/dx with muon hypothesis to select muons

e Cut on TPC dE/dx with electron hypothesis to exclude electrons
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Parent Pion Phase Space

ND280 Inclusive p-Like: Parent Pion p-8 107 SK v, Bgnd.: Parent Pion p-0
Q 1 l|I S ] :‘E‘ -~ | R
8 ! 1883.5 2 = T
;R 0.3 7] g \.‘;'; 0.3
| 3 e D>
1253
0.2 - E 0.2
i 2 E
1 1.5.§
0.1 B 0.1
0.5 &
Z 0
0 0 0
0 5 10 15 20 . (GeV/e)
p, (GeVic) T
SK v, Sig.: Parent Pion p-6 10
Plots show the p-6 distribution of parent ] LT T 7
pions contributing to the ND280 (upper = 93 6

left), SK nu_e background (upper right)

and SK nu_e signal (lower left) samples. 0.2
Plots are normalized to by the sample
size, so the z axis is sample fraction. ©
Is the polar angle relative to the beam
direction

0.1

Sample Fraction/(10 mrad)/(0.2 GeV/c) >

0 5 10 15 20
p, (GeV/e)

July 18, 2011 M. Hartz, UofT/YorkU



Why Off-axis?

 Pion decay kinematics:

* In pion direction, neutrino energy
proportional to pion momentum

« At non-zero angles, weak dependence "

on pion momentum

 2.5° off-axis angle gives narrow band
beam peaked at the first oscillation
maximum

* More statistics in the oscillation region
» Less feed-down from backgrounds at

higher energy

Idea originally developed for long baseline
proposal at BNL (E889)

July 18, 2011 M. Hartz, UofT/YorkU

Oscillation Prob.
(Am?*=2.5x107)

v energy spectrl.jrh

(Flux % x-section)




SK Flux Plots
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